organelles are vacuoles, which are postulated to function in primary and secondary metabolism, turgor control, and vegetative growth (1) .
Crabeel and Grenson (3) demonstrated the presence of more than one metabolic pool of basic amino acids in the cells. Wiemken and collaborators (6, 15, 16) discovered that the vacuoles in Candida utilis and Saccharomyces cerevisiae contain specific pools of basic amino acids, from which most acidic and neutral amino acids are excluded. These findings indicated that vacuoles are metabolically active organelles and must have differential sequestration systems for certain amino acids (2) and other metabolites (11) .
Previous studies in our laboratory have shown that vacuolar membrane vesicles prepared from S. cerevisiae have seven independent transport systems for basic, aromatic, and neutral amino acids, which catalyze active transport of 10 amino acids into vesicles by amino acid/H+ antiport systems (10) . This finding strongly suggests that these transport systems play a major role in compartmentalization of amino acids in the cytoplasm, i.e., in differential formation of vacuolar and cytosolic amino acid pools. However, the mechanism of efflux of amino acids from the sequestered pool is poorly understood. Knowledge about the dynamics of compartmentation of amino acids is a prerequisite to understanding its regulation.
In the accompanying paper (9), we reported a simple method using Cu2+ for differential extraction of the vacuolar and cytosolic amino acid pools of S. cerevisiae. The present paper describes the changes of cytosolic and vacuolar constituents of yeast cells under several physiological conditions determined by the Cu2+ method.
* Corresponding author.
MATERIALS AND METHODS
Strains, culture conditions, and analytical methods are described in the accompanying paper (9) . Mating pheromone, oa-factor, was prepared by the method of Duntze et al. (4) . The other chemicals used were commercial products of analytical grade.
RESULTS
Change of vacuolar amino acid pool during growth. Using the standard Cu2" method (9), we examined how the vacuolar and cytosolic amino acid pools change during the growth phase. As shown in the accompanying paper, inclusion of glucose in the standard extraction medium enabled us to extract the two pools separately even from stationary-phase cells, which were resistant to polycationic polymers. Results showed that during growth, the total amino acid content per cell increased gradually up to the middle of the logarithmic phase (2 x 107 cells per ml) and decreased-when the cells reached stationary phase. The relative concentrations of the 20 amino acids in the two pools did not change significantly during growth.
Effects of added amino acids on the vacuolar amino acid pool. To study the physiological role of vacuoles in amino acid metabolism and differential pool formation, we grew cells in YNBD mediu'm supplemented with various amino acids and determined the contents of their vacuolar and cytosolic pools (Table 1) .
On addition of lysine or histidine to the medium, the total cellular amino acid content almost doubled. The amounts of lysine and histidine in the vacuolar pool increased 27-and 42-fold, respectively, whereas their contents in the cytosolic pool did not change significantly. The doubling time did not alter appreciably in the presence of added lysine or histidine. On addition of arginine to the medium, the arginine content of the vacuolar pool increased sevenfold. Additions of aspartate, glutamate, methionine, and proline, respectively, resulted in five-, two-, five-, and fourfold increases in the contents of these amino acids in the cytosolic pool. However, the concentrations of all these amino acids, except glutamate, were low, and consequently, the total amino acid pool size did not change much. Glutamate caused an increase in the total amino acid pool, but the distribution ratio of glutamate in the vacuolar pool was not increased. Upon addition of glycine to the medium, the total glycine pool increased 22-fold and glycine was found to be evenly distributed between the two compartments. Arginine pool during nitrogen starvation. The results in Table 1 indicate that the cells accumulated arginine in the vacuoles at a concentration of about 430 mM. We examined how this large arginine pool changed during nitrogen starvation. The vacuolar arginine pool decreased rapidly when the cells were transferred to nitrogen-free YNBD medium (Fig.   1A) .
Interestingly, during the course of nitrogen starvation, an unusual amino acid, -y-amino butyric acid (GABA) appeared within the first 1 h and decreased in parallel with arginine. GABA was localized exclusively in the vacuolar extract (about 10 mM in the cell). This observation means that arginine stored in the vacuoles was utilized for growth during nitrogen starvation. This removal of arginine from the vacuoles should cause a drastic change in vacuolar turgor pressure if arginine is present mainly in free form in the vacuoles. However, on microscopic examination, we could not detect any change in the size of vacuoles during nitrogen starvation. Therefore, we analyzed the change of K+ concentration in vacuoles, since K+ is the most abundant and osmotically active cation in yeast cells.
The K+ ion content in the cytosolic pool was constant, but that in the vacuolar pool increased almost 10-fold during nitrogen starvation (Fig. 1B) . In the first 2 h, the decrease of arginine corresponded well to the increase of K+ ions. This suggests that arginine comes out from vacuoles preferentially with a stoichiometric exchange ratio of 1:1. Further starvation may mobilize other amino acids sequestered in the vacuoles, since K+ increased more than arginine decreased.
Release of vacuolar arginine induced by lysine and a-factor. Whitney and Magasanik (14) reported that the addition of lysine to the growth medium causes induction of arginase in yeast cells. They proposed that arginine first accumulated in the vacuoles and then exchanged with lysine in the cytosolic pool and that the arginine that was transferred to the cytosol induced arginase, the first enzyme of its degradation system. To test whether this explanation was physiologically tenable, we used the Cu2+ method to analyze the change in the vacuolar arginine pool on addition of lysine to the growth medium. Cells were grown in YNBD medium supplemented with 10 mM arginine and then transferred to YNBD medium supplemented with 10 mM lysine, and changes in the vacuolar arginine and lysine pools were monitored (Fig. 2) . The results supported the explanation described above that lysine induced liberation of arginine from the vacuolar compartment. This interchange is consistent with the in situ operation of a counter-flow mechanism catalyzed by the arginine-lysine transport system of the vacuoles (10). Sumrada and Cooper (12) observed that treatment of MATa cells with a-factor induces arginase and suggested that the pheromone may induce the release of vacuolar arginine into the cytosol by some unknown mechanism. We found, as they suggested, that on treatment of the cells with a-factor, the vacuolar arginine pool in fact decreased, but only a little, while the glutamate pool in the cytosol did not change (Fig. 3) . We also detected induction of arginase activity after treatment of the cells with a-factor for 1 h. These results demonstrated that the standard Cu2+ method is useful for determining dynamic vacuolar functions in situ under various physiological conditions. DISCUSSION We demonstrated that the Cu2+ method (9) is useful for differential extractions of the cytosolic and vacuolar amino Time ( h ) FIG. 3. Release of arginine from vacuoles on treatment with a-factor. S. cerevisiae X2180-1A cells were grown in YEPD medium, and a-factor was added to the cell suspension at a concentration of 50 U/ml. The cytosolic and vacuolar pools were extracted by the Cu2+ method (9 We have reported that the vacuolar membrane has seven independent amino acid transport systems which are specific for arginine, arginine-lysine, histidine, phenylalanine-tryptophan, tyrosine, glutamine-asparagine, and isoleucine-leucine. By these systems, 10 amino acids are accumulated in the cell vacuoles by an H+/amino acid antiport mechanism (10) . Acidic amino acids, methionine, glycine, and proline were not taken up by the vacuolar membrane vesicles (10) (Table 1) is consistent with the idea that the active transport systems detected in vacuolar membrane vesicles are related to the formation of the vacuolar amino acid pool. We found that in cells grown in YNBD medium supplemented with various amino acids, the cytosolic amino acid pool was fairly constant (192 to 367 nmolI108 cells; Table 1 ) but the vacuolar amino acid pool changed very much (167 to 862 nmolI108 cells) and was enlarged, depending on the amino acid added to the medium. We showed that arginine accumulated in the vacuoles at a high concentration of about 430 mM and was used as a nitrogen source during nitrogen starvation. This observation strongly suggests that the vacuoles are a physiologically active compartment for certain amino acids and are potentially concerned with cellular nitrogen metabolism.
The pool extracted by the Cu2+ method as the vacuolar fraction must contain amino acids associated with other organelles such as mitochondria, where protein synthesis takes place and some amino acid biosynthetic reactions are localized. GABA appeared during nitrogen starvation of cells in which arginine had accumulated and may have been derived from arginine via ornithine. Since an in vitro study using the vacuolar membrane vesicles showed that GABA was not taken up into vacuoles in an ATP-dependent manner, it is probable that GABA is mainly localized not in vacuoles but in mitochondria.
Arginine is a good nitrogen source, and excess arginine in the cytosol is degraded by arginase, the first enzyme of arginine catabolism. It should be noted that S. cerevisiae has no system for the degradation of lysine or histidine (13) . This may be one reason why yeast cells accumulated more lysine and histidine than arginine in the vacuoles when the cells were grown in medium supplemented with these amino acids (Table 1) . Conceivably, if these in vivo sequestering systems are perturbed by some mutation, the resulting mutant will show loss of homeostatic control of the lysine or histidine pool in the cytosol, and this may result in growth deficiency in medium supplemented with a high concentration of that amino acid. This idea has been tested, and we have obtained mutants defective in vacuolar functions, as described in the accompanying paper (7) . 
